Summary. Primary amines, pyridoxal and thiols induced separation of the mammalian sperm head and tail at specific sites across the head\p=n-\tail junction. Primary amines and pyridoxal induced head detachment by allowing separation of the inner and outer nuclear envelope membranes adjacent to the tail basal plates. This detachment was prevented by prior reduction with sodium cyanoborohydride. The chemistry of amine\x=req-\ induced head separation and the similar action of pyridoxal indicate that the head and tail are joined by Schiff bases formed between proteins within the nuclear membranes. Head detachment with thiols occurred at two sites: across the connecting filaments linking the basal plate and the capitulum of the tail\p=n-\neckcomplex and between the inner nuclear membrane and the nuclear chromatin. Mammalian epididymal spermatozoa exhibited species differences in susceptibility to head detachment induced by hydromechanical shear. The heads of mouse epididymal spermatozoa readily separated from the tails during vortexing whereas those from the vas deferens were resistant to shear. Head separation occurred at the same site as induced by primary amines. Rabbit spermatozoa from all parts of the epididymis were resistant to mechanical shear. Species differences in the mechanical stability of the head\p=n-\tail junction suggest that the intermolecular Schiff bases linking the head and tail can be formed before or during sperm transport in the epididymis and that their formation probably occurs after the appearance of the periodic structures which bridge the inner and outer membranes of the nucleus in the region of the tail basal plate.
Introduction
The mammalian spermatozoon is a highly differentiated cell whose structural features have been extensively investigated at the ultrastructural level. Although a role in the fertilization process has been recognized for some of the sperm organelles, e.g. the acrosome and mitochondria, at present there is limited knowledge of the molecular components and organization of most sperm structures.
Further advances in such analysis require the development of methods for the isolation of particular organelles and structural components of the sperm head and tail. A first step in this endeavour is the separation of the sperm head and tail. Methods developed for such detachment have included sonication, pressure cavitation, use of detergents, thiol reagents, extremes of pH and proteolytic enzymes (Calvin, 1976; Balhorn, Gledhill & Wyrobeck, 1977; Brotherton, 1977) . The rather severe conditions and non-specific methods used have precluded the preparation of undamaged heads or tails and of heads which do not contain remnants of tail structures. Moreover, none of the above methods gives information about the chemical nature of the head-tail junction. This report describes a method for the preparation of mammalian sperm heads free of tail structures using primary amines. The intermolecular connections across the mammalian spermatozoon's head-tail junction were studied by using primary amines, thiols, aldehydes and amino-thiols to effect head-tail separation. The relation between mechanical stability to vortexing and the action of primary amines in effecting head-tail separation were also investigated. Materials and Methods Spermatozoa. Rabbit spermatozoa collected into an artificial vagina (First, 1971 ) from fertile New Zealand White bucks were separated from seminal plasma and prostatic vesicular bodies by centrifugation for 3 min at 10 000 #, followed by resuspension in SET buffer, pH 7-2 (0-1 M-Tris-HC1, 0-15 M-NaCl, 0-005 M-EDTA) (Young, 1979a) . Sperm suspensions (1-3 108 in 3 ml) were centrifuged through 205 M-sucrose in SET buffer (10 ml) for 60-75 min at 107 000 g. The walls of the centrifuge tubes were wiped with tissues (Kimwipes) moistened with SET buffer to prevent contamination with cellular debris and the contents of detached sperm acrosomes (Young, 1979a Reduction with sodium cyanoborohydride (Aldrich Chemical Co., Milwaukee, Wisconsin) was carried out by adding NaCNBH3 to sperm suspensions (0-5-1 IO7) in 1 ml SEC buffer (0-1 Mcitrate, pH 5, 015 M-NaCl, 0005 M-EDTA). After 1 h incubation at 22°C, spermatozoa were centrifuged 5 min at 10 000 g and washed twice with SET buffer before testing the ability of amines to dissociate the sperm head-tail junction.
Preparative isolation of rabbit sperm heads and tails. Spermatozoa were purified by centrifugation through 2-05 M-sucrose (see above). Heads and tails were detached by mixing with «-butylamine (1 µ1/106 spermatozoa and vortexing for 15-30 sec at maximum setting on a Vari-Whirl mixer. This was repeated until head detachment was complete. Detached heads and tails were separated by centrifugation through a discontinuous gradient of 2-05 m-and 2-5 M-sucrose in SET buffer (5-6 ml each) for 30-60 min at 82 000 g. Detached tails were found at the SET buffer-2-05 M-sucrose interface and in the 205 M-sucrose layer, whereas intact spermatozoa were found in the 2-5 msucrose. The pellets consisted primarily of detached sperm heads with minor numbers of intact sperm and isolated tails. Pellets were resuspended and washed in SET buffer to remove sucrose.
Separated heads tended to aggregate and to stick to glass, but such losses could be reduced by using polyethylene tubes or siliconized glassware, and particularly by using only the minimal amount of n-butylamine needed to induce head detachment. Aggregation was also prevented by adjusting the pH of butylamine-treated sperm suspensions to pH The head-tail junction of freshly ejaculated rabbit spermatozoa was resistant to shear forces generated by vortexing. In contrast, 90-95% of heads separated from the tails when saline-washed sperm suspensions were vortexed for 15-30 sec after addition of «-butylamine (Cooper & Young, 1977; Young & Cooper, 1979) . Quantitative assays of the effects of selected amines, as well as Table 1 thiols, aldehydes, alcohols, acids, detergents, buffers of high and low pH and concentrated salt solutions were tested with ejaculated rabbit spermatozoa ( Table 1) . Some of these reagents required extended incubations at 37°C before any effect was noted. To eliminate the possible action of seminal and acrosomal enzymes on sperm structures during incubation, rabbit spermatozoa were centrifuged through 2-05 M-sucrose, a procedure which removes seminal plasma enzymes and acrosomal proteases (Young, 1979a, b) (Text- fig. 1 ). Text-figure 1 also outlines a modified procedure for the preparative isolation of rabbit sperm heads and tails after «-butylamine treatment. Addition of albumin and pH adjustment of amine-containing sperm suspensions, before discontinuous sucrose centrifugation, prevented the sperm head aggregation with consequent contamination of isolated heads with intact spermatozoa which occurs without these changes in our previous procedure (Young & Cooper, 1979 (Young, 1979a) . fHead aggregation and loss can be reduced by using the minimum amount of amine for head detachment, by neutralizing with HC1 followed by addition of bovine serum albumin to 0-25%, and by using plastic vessels or siliconized glassware. A second centrifugation through the discontinuous gradient reduced tail and intact sperm contamination to 1-2% with 70-90% overall yield of heads.
Primary amines, thiols, pyridoxal hydrochloride, anionic detergents and buffers of low and high pH were effective in separating the heads and tails of rabbit spermatozoa (Table 1) . Quantitative head-tail cleavage was obtained after brief vortexing only with reactive primary amines. Anionic detergents, 1% sodium dodecyl sulphate or 2-5% sarkosyl (5 min at 37°C), were equally effective. The cationic detergent cetyl trimethylammonium bromide failed to dissociate rabbit spermatozoa into heads and tails, in contrast to its effect on mouse spermatozoa (Balhorn et al., 1977) . Sodium hydroxide-sodium chloride buffer, pH 12-5 (5 min, 37°C) also induced 100% head-tail dissociation, but < 12% head detachment occurred after 40 min incubation at 37CC with an HC1-KC1 buffer, pH 2-2. A reactive aldehyde, pyridoxal hydrochloride, induced 73% head detachment after 2 h incubation at 37°C, whereas less reactive aldehydes had no effect even after 16 h incubation. Concentrated solutions of NaCl (2 m), or MgS04 (1 m) had no effect on head detachment. In contrast to the observation of Millette, Spear, Gall & Edelman (1973) 
Sites of detachment
Each class of reagent tested induced head-tail detachment at specific and limited sites across the head-tail axis. Electron microscopy of amine-treated spermatozoa (rabbit, human, mouse, guinea-pig and degù) showed that tail detachment during vortexing occurred exclusively at the level of the nuclear envelope membranes (PI. l, Fig. 1 ) (Coopera Young, 1977; Young & Cooper, 1979) .
The inner membrane of the nuclear envelope remained intact and associated with the nuclear chromatin over the tail implantation fossa (Young & Cooper, 1979) , whereas the outer membrane of the envelope and basal plate(s) separated together where the basal plate(s) contacted the outer membrane of the nuclear envelope (PI. 1, Fig. 2 ). Pyridoxal hydrochloride, an aldehyde, similarly induced head-tail separation (Table 1 ) across the nuclear envelope membranes of rabbit spermatozoa, the only species tested with this reagent.
Thiols induced head-tail separation at the level of the tail implantation fossa and/or across the fibrous strands which link the basal plate(s) to the capitulum of the neck connecting piece. Head detachment after dithiothreitol treatment (rabbit, mouse) occurred over the tail implantation fossa, leaving the nuclear chromatin devoid of membrane in this region (PI. 1, Fig. 3 ). The nuclear envelope membranes separated as a unit and retained their association with the basal plate(s) (PI. 1, Fig. 4 ). ß-Mercaptoethanol treatments gave the same types of tail separations as dithiothreitol, but with greater percentages of spermatozoa exhibiting degradation of the connecting piece complex, including cleavage of the fibrous strands linking the basal plate(s) to the connecting piece. Decondensation of nuclear chromatin did not occur with either of these thiols, whereas thioglycolic acid induced chromatin dispersal as well as degradation of the neck connecting piece complex and outer dense fibres of the tail. Strands of dispersed nucleo-chromatin were associated with the inner membrane of the nuclear envelope along its entire inner surface. Rabbit spermatozoa treated with thioglycolic acid showed this association (PI. 1, Fig. 5 ) when fixed without vortexing. This treatment leaves the nuclear envelope intact and associated with the basal plates in the same manner as does dithiothreitol and mercaptoethanol treatment. The transverse electron-dense material which appears to bridge the inner and outer membranes of the nuclear envelope remained after thiol treatment (PI. 1, Fig. 6 ). Penicillamine treatment resulted in two types of head-tail separation consistent with the combined actions of the thiol and the amine of this bifunctional reagent.
Head-tail separation after detergent treatments ( (Tables 1 & 2) . The amount of «-butylamine required to induce 90-100% head-tail detachment was determined by titration with buffer-washed mouse and rabbit spermatozoa. Mouse spermatozoa required 33-4 µ «-butylamine/IO6 spermatozoa, whereas 65-3 µ were required to exert the same effect on an equal number of rabbit spermatozoa. Primary amine-induced head-tail detachment was also pH dependent (Table 3) . Maximum head-tail detachment occurred at pH 10-5-11, the pKa of the amines, and was low when the amino group was protonated at neutral or acid pH.
The ability of only reactive aldehydes and primary amines to induce sperm head-tail detach¬ ment (Table 1) Fig. 1 . Platinum-carbon replica of the posterior of a sperm head after tail dissociation with nbutylamine. Note the asymmetric curve of the concave tail implantation fossa (arrow), 18 400. Fig. 2 . Neck complex of sperm tail dissociated from the head by «-butylamine treatment; frontal section through head-tail axis. Arrows point to the outer membrane of the nuclear envelope which remains associated with the tail basal plates, 105 000. Fig. 3 . Implantation fossa of sperm head after dithiothreitol treatment; frontal section. Arrow points to nuclear chromatin devoid of nuclear envelope membranes, 50 000. Fig. 4 . Neck complex of sperm tail separated from the head by dithiothreitol treatment, as in Fig. 3 . The plane of section through the neck complex is perpendicular to that in Fig. 2 (pH 50) 10-5-11 9-9-5 7-8 5-6 86-88 35-42 15-20 5-10 * Sucrose-washed ejaculated rabbit spermatozoa (1-3 107/ml buffer). ! 0-1-0-3 mM-M-butylamine. t Background detachments were determined in the buffer used for that experiment, and they ranged from 1 to 5% for all pH values. studying the effect of primary amines on spermatozoa that had been reduced by sodium cyanoborohydride. The aldimine bond of a Schiff base is rapidly and selectively reduced under mild conditions by this reagent (Lane, 1975) to give a secondary amine. Ejaculated spermatozoa of rabbit and rhesus monkey were resistant to head detachment by «-butylamine after prior reduction with sodium cyanoborohydride (Table 4) . Cauda epididymal spermatozoa of the hamster were similarly resistant. The mouse cauda epididymal and vas deferens spermatozoa showed a marked difference in behaviour after sodium cyanoborohydride reduction. Head separations of cauda epididymal spermatozoa were lowered by only 12-28% after reduction. Cauda spermatozoa formed aggregates in SEC buffer, pH 5, and also appeared to be structurally unstable, because high background head detachments were obtained with vortexing alone. In contrast, vas deferens spermatozoa were stable in SEC buffer, pH 5, did not aggregate at this pH and were resistant to the action of «-butylamine after reduction with cyanoborohydride (Table 4) .
Head detachment of epididymal spermatozoa
Rabbit spermatozoa isolated from all levels of the male tract were stable to hydrodynamic shear generated by vortexing, and underwent quantitative head-tail detachment in the presence of «-butylamine (Table 5) . Rat epididymal spermatozoa were also stable to vortexing. «-Butylamine induced head detachment in 72% of rat caput epididymal spermatozoa whereas only 5-15% of the heads of those from the corpus and cauda epididymidis were detached. This low percentage Primary amines are most effective in inducing sperm head-tail detachment at pH 10-5. Similar treatment with buffers at pH 10-5-11 had no effect on the head-tail linkage (see Table 3 ; and PI. 1 in Young & Cooper, 1979) . This result is consistent with the inability of secondary and tertiary amines, which cannot undergo a transimination reaction with Schiff bases and yet have pÄ"a values in the range 10-10-5, to induce head-tail detachment (Table 1 ). Even at pH 10-5, rabbit spermatozoa required about twice as much «-butylamine as mouse spermatozoa for quantitative head-tail detachment. Buffers at a higher pH (pH 12-5) can effect sperm head-tail detachment.
However, the reaction is much slower and the site of head detachment is different from that observed with primary amines (see also Millette et al., 1973) . Therefore, sperm head-tail detachments that occur in the presence of primary amines are the result of a reaction of the amines with aldimine linkages within the head-tail junctional axis, and are not the consequence of the increase in pH which occurs when amine is added.
Formation of the basal plate, the connecting filaments, the capitulum and striated columns of the neck complex are early events in sperm differentiation which precede nuclear chromatin condensation and organization of the mid-and principal pieces of the tail. This early appearance of neck region structures includes the periodic cross-bridges (transverse electron densities) which appear to link the inner and outer membranes of the nuclear envelope in the region of basal plate contact with the spermatid nucleus (Fawcett & Phillips, 1969) . The distribution of these transverse bridges within the interspace between the nuclear membranes (Fawcett, 1975) may be related to the distribution of intramembranous particles revealed by freeze-fracture through the nuclear membranes overlying the basal plates (Friend & Fawcett, 1974) . In spite of the presence of ultrastructural cross bridges apparently linking the inner and outer membranes of the nuclear envelope, physical separation across this interspace can occur in some species, e.g. the mouse. Differences in susceptibility to mechanical shear across the nuclear membranes probably reflects species differences in the biochemical maturation of the neck region which occurs during epididymal sperm transport. For example, shear forces generated by vortexing are sufficient to detach the heads from the tails of mouse spermatozoa isolated from the caput epididymidis but those isolated from all parts of the rabbit epididymis are resistant to separation (Table 5) . Cyanoborohydride reduction of mouse spermatozoa from the cauda epididymidis stabilized only about 12% of spermatozoa to the action of «-butylamine, while 48% of those from the vas deferens were so stabilized (Table 4 ). An inverse relationship therefore appears to exist between susceptibility to shear and the ability of cyanoborohydride to stabilize the mouse sperm head-tail junction to n-butylamine. This suggests that, in the mouse, aldimine bonds form during epididymal transit, and formation of the co valent links between the membranes of the nuclear envelope are not complete until these spermatozoa reach the vas deferens. The intermolecular aldimine bond thus appears to provide strength and rigidity to the head-tail junction and to stabilize it to shear by hydromechanical forces. Since rabbit spermatozoa are stable to these forces, formation of intermolecular Schiff bases linking the head and tail may be completed before spermiation in this species.
